Endothelial lipase (EL) is a recently discovered member of the triglyceride lipase gene family (1, 2). EL is highly homologous to lipoprotein lipase (LPL) and hepatic lipase (HL), both of which are known to hydrolyze lipids within lipoproteins and thereby influence their metabolism. EL has been shown to effectively hydrolyze HDL phospholipids in vitro (3), and overexpression of human EL in mouse liver markedly reduced plasma HDL cholesterol (HDL-C) levels in vivo (1). These data suggested that EL might play a physiological role in modulating HDL metabolism. However, proof of that concept requires an assessing the effect of reduction of EL activity in vivo.
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conditioned medium were incubated with an equal volume of PBS containing anti-mEL IgG or control IgG for 1 hour at 4°C. Triglyceride lipase and phospholipase activities were measured in triplicate as previously described (3) . One unit of lipase activity is defined as liberating 1 nmol of free fatty acid per hour.
Conditioned media from mEL-, mHL-, and mLPLtransfected cells (10 µl) and homogenized liver lysates (15 µg of protein) from wild-type, human apoA-I transgenic, and HL -/-mice were immunoblotted with the anti-mEL antibody. Media and lysates were mixed with Laemmli sample buffer and heated at 85°C for 10 minutes. The samples were size fractionated using SDS-PAGE (precast 10% polyacrylamide gels; FMC, Philadelphia, Pennsylvania, USA) and transferred to Hybond-P (PVDF) membrane (Amersham Pharmacia Biotech). The anti-mEL antibody, used as the primary antibody, was diluted 1:2500, and the secondary HRP-conjugated goat anti-rabbit IgG (Jackson Labs, Bar Harbor, Maine, USA) was diluted 1:5000 from a 50% glycerol stock. Detection was carried out by the ECL protocol (Amersham Pharmacia Biotech) according to the manufacturer's instructions. Chemiluminescence signals were detected on x-ray films and quantified by densitometry. A separate but identical membrane was immunoblotted using the control antibody.
In vivo inhibition of mEL. Female mice (C57BL/6 mice, HL -/-mice [11] , and human apoA-I transgenic mice) were obtained from Jackson Labs. Mice were maintained on a 12-hour light/dark cycle and fed a chow diet. Before each study, serum cholesterol levels were determined, and the mice were divided into two groups such that the mean plasma cholesterol levels in the groups were not different. Each group contained five or six mice.
To determine the effects of inhibition of EL in vivo, we calculated the amount of antibody that was sufficient to inhibit the majority of EL phospholipase activity in mouse plasma in vitro. One milligram of antimEL IgG was sufficient to inhibit 2,200 units of mEL activity, which approximates the amount of postheparin phospholipase activity in HL -/-mice. Mice were injected intravenously through the tail vein with 1 mg of either anti-mEL or control rabbit IgG. Blood was obtained from the retro-orbital plexus at various times before and after antibody injection. Mice were fasted 4 hours before bleeding, and blood was always drawn at the same time of day. Aliquots of plasma were stored at -20°C until analysis of lipids. Plasma cholesterol,
Figure 1
Characterization of the inhibitory effects of the anti-mEL antibody and its specificity. (a) Conditioned media from HEK293 cells transfected with the mEL cDNA were preincubated with increasing amounts of control IgG or anti-mEL IgG, and effects on triglyceride lipase and phospholipase activity were determined and compared with effects in untreated (PBS) media. The results are presented as the percentage of activity in medium preincubated with PBS alone and are the means ± SD of triplicate determinations. (b) Conditioned media from HEK293 cells transfected with mEL, mHL, and mLPL cDNAs were preincubated with PBS, control IgG, or anti-mEL IgG, and the effects on triglyceride lipase activity were determined. The results are presented as the percentage of activity in medium preincubated with PBS alone and are the means ± SD of triplicate determinations. (c) Homogenized liver lysates (15 µg protein) from wildtype, human apoA-I transgenic, and HL -/-mice and conditioned media from mEL-, mHL-, and mLPL-transfected cells were separated by SDS-PAGE and immunoblotted with an anti-mEL antibody. Both forms of mEL were detected in the liver lysates of all three mouse models and were of slightly smaller size than mELs in conditioned media. The additional band detected in the human apoA-I transgenic and HL -/-mouse liver lysates was also seen on immunoblotting of these same liver lysates using a control antibody (data not shown). No bands were seen in the mHL or mLPL conditioned media.
HDL-C, and triglyceride levels were measured enzymatically on a Cobas Fara II (Roche Diagnostic Systems Inc., Indianapolis, Indiana, USA) using SigmaAldrich (St. Louis, Missouri, USA) reagents. Non-HDL cholesterol levels were determined by subtracting HDL-C from the total cholesterol. Plasma samples (200 µl pooled from each group) were analyzed by fast protein liquid chromatography (FPLC, Amersham Pharmacia Biotech) on two Superose 6 columns in series as described previously (1) . The cholesterol concentrations in the FPLC fractions were determined using an enzymatic assay (Wako Pure Chemical Industries Ltd., Osaka, Japan).
HDL phospholipid turnover studies. We performed HDL phospholipid turnover studies using a protocol based on previously published studies (12, 13) . Human total HDL (d = 1.063-1.21 g/ml) and lipoprotein-deficient plasma (d = 1.21 g/ml) were prepared by ultracentrifugation as previously described (14) . HDL was labeled with [ 3 H]methylcholine-dipalmitoyl phosphatidylcholine ([ 3 H]methylcholine-DPPC) (PerkinElmer Life Sciences, Boston, Massachusetts, USA) in a manner similar to that used to label HDL with cholesteryl ester (15) . Briefly, HDL were dialyzed against PBS containing 0.01% EDTA. Fifty microcuries of [ 3 H]methylcholine-DPPC was dried under nitrogen in a glass tube and resuspended in 50 µl of ethanol. Two milligrams of HDL protein was mixed with approximately 100 mg of lipoprotein-deficient plasma protein in a glass tube, and the [ 3 H]methylcholine-DPPC was added dropwise with intermittent vortexing. The tube was purged with nitrogen, sealed, and placed in a shaking water bath at 37°C for 24 hours. After incubation, labeled HDL was reisolated at the original density, dialyzed against PBS, and filter sterilized before injection into mice.
Eight female apoA-I transgenic mice (6-8 weeks of age) were injected with 1 mg of either anti-mEL (n = 4) or control IgG (n = 4). One hour after injection, mice were injected through the tail vein with [ 3 H]methylcholine-DPPC-labeled HDL (approximately 1 × 10 6 dpm in 100 µl of PBS). A timer was started immediately after HDL injection, and blood samples were obtained from the retro-orbital plexus at 1, 5, 15, and 30 minutes and at 1, 2, 4, and 6 hours. Six microliters of plasma taken at each time point were counted using a Beckman Coulter LS 6500 (Beckman, Fullerton, California, USA). The fractional catabolic rates of HDL phospholipid were calculated with the SAAM II program (SAAM Institute, Seattle, Washington, USA) by fitting a biexponential curve to the plasma counts normalized to the 1-minute time point.
Statistical analysis. Data are presented as means ± SD. Data analyses were performed using the Student's t test. A value of P < 0.05 was considered significant.
Results
Like human EL (3), murine EL exhibits both triglyceride lipase and phospholipase activities. The ability of rabbit anti-mEL IgG to inhibit both the triglyceride lipase and phospholipase activities of mEL was examined ( Figure  1a ). Control rabbit IgG had no effect on the triglyceride lipase or phospholipase activities of mEL. In contrast, there was dose-dependent inhibition of both types of mEL lipase activities by anti-mEL IgG. Using 50 µg per assay tube of anti-mEL IgG, 58% of the triglyceride lipase and 100% of the phospholipase activities were inhibited. In another experiment, we examined whether the anti-mEL antibody can specifically inhibit mEL activity but not mHL and mLPL. As shown in Figure 1b , anti-mEL IgG did not inhibit the triglyceride lipase activity of mHL and mLPL. In addition, the specificity of this antibody was examined by immunoblotting conditioned media containing mEL, mHL, and mLPL. As shown in Figure 1c , the antibody detected mEL well but had no reactivity with mHL or mLPL. Finally, in order to confirm that the anti-mEL antibody had no crossreactivity with mHL in mouse liver, it was used for immunoblotting of mouse liver lysate; bands consistent with the two forms of mEL were seen, but no band consistent with mHL was seen (Figure 1c) .
We examined the effects of an injection of the antimEL antibody on plasma lipids in female wild-type mice. As indicated in Table 1 , plasma levels of total cholesterol, HDL-C, and phospholipid were significantly increased after injection of anti-mEL IgG as compared with control IgG at both 24 hours and 48 hours after injection. Triglyceride and non-HDL cholesterol levels were not changed. The distribution of cholesterol among the lipoprotein classes was determined by FPLC separation of lipoproteins in pooled plasma samples (Figure 2a ). This confirmed that HDL-C was substantially increased in the mice injected with anti-mEL IgG as compared with those injected with control IgG.
Although the anti-mEL antibody did not cross-react with murine HL on Western blotting and did not inhibit mHL activity in vitro, we performed an in vivo experiment in female HL -/-mice in order to exclude the possibility that the effects on HDL-C in wild-type mice could have been due to cross-inhibition of HL by the anti-mEL antibody. In HL -/-mice, plasma levels of HDL-C, total cholesterol, and phospholipid were substantially increased after anti-mEL antibody administration, with the peak at 48 hours after injection ( Table  2) . FPLC of pooled plasma samples (Figure 2b ) confirmed that HDL-C was increased in the group injected with anti-mEL antibody. Furthermore, the size of the HDL particles after inhibition of EL in HL -/-mice was noticeably larger. A similar increase in phospholipids in large HDL particles was seen in mice injected with anti-mEL IgG (data not shown). In contrast to wild-type mice, triglyceride levels in HL -/-mice were also increased at 48 hours and 72 hours after injection of anti-mEL antibody (Table 2) . A second independent study was done in male HL -/-mice, and comparable results were obtained (data not shown). Human apoA-I transgenic mice have HDL that is more heterogeneous than mouse HDL and more similar to human HDL. Therefore, we performed another experiment of EL inhibition in human apoA-I transgenic mice. Plasma levels of total cholesterol, HDL-C, phospholipids, and apoA-I were significantly increased up to 72 hours after anti-mEL antibody administration, with the peak at 48 hours after injection (Table 3) . FPLC of pooled plasma samples (Figure 2c ) confirmed that HDL-C was markedly increased in the group injected with anti-mEL but not in the control group. Triglyceride and non-HDL cholesterol levels were not changed.
We hypothesized that inhibition of EL raised HDL-C, phospholipid, and apoA-I levels by inhibiting the ELmediated hydrolysis of HDL phospholipids, thus slowing the turnover. Therefore, we directly investigated the effect of EL inhibition on the turnover of HDL phospholipid by intravenously injecting human apoA-I transgenic mice with anti-mEL or control IgG, followed by injection with HDL that was labeled with [ 3 H]methylcholine-DPPC. The clearance of HDL phospholipid was significantly slower in mice injected with anti-mEL antibody than in mice injected with control antibody (Figure 3) ; the fractional catabolic rates were 0.42 ± 0.03 pools per hour and 0.53 ± 0.02 pools per hour, respectively (P < 0.0007). These results demonstrate that EL inhibition significantly retarded HDL phospholipid turnover in vivo.
Discussion
We used a rabbit polyclonal antibody inhibitory to mEL to demonstrate that inhibition of EL in mice results in substantial increases in HDL-C levels in vivo. These results were obtained in wild-type mice, HL -/-mice, and human apoA-I transgenic mice. Plasma phospholipid levels were significantly increased as well by EL inhibition in each mouse model. In human apoA-I transgenic mice, apoA-I levels were also significantly increased by EL inhibition. In HL -/-mice, but not in wild-type or human apoA-I transgenic mice, the size of the HDL increased after EL inhibition. The turnover of HDL phospholipids was significantly slowed by EL inhibition. Although EL has triglyceride lipase activity in vitro, acute inhibition of EL did not result in a change in plasma triglyceride levels except in HL -/-mice. These studies provide the first in vivo data demonstrating that inhibition of EL influences HDL metabolism and support the concept that HDL is a physiological substrate for EL.
The use of antibody inhibition to elucidate the physiological roles of members of this lipase family in vivo is well established. Antibody inhibition of LPL in monkeys (8) and roosters (9) resulted in a rapid increase of triglyceride-rich large VLDL and a small decrease in HDL cholesterol. Inhibition of HL in rats (4-6, 16) and monkeys (7) resulted in a rapid increase in triglyceride-rich small
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The VLDL and IDL with a modest increase in HDL. These antibody inhibition studies provided major insights into the physiological roles of LPL and HL. Although we showed that the anti-mEL antibody does not cross-inhibit mHL and mLPL activity in vitro, we performed two independent studies in HL -/-mice in order to exclude the possibility that these effects on HDL could be due to HL inhibition. Even in HL -/-mice, HDL-C levels were significantly increased by injection of anti-mEL antibody, confirming that this result is not the result of inhibition of HL. Although to our knowledge HL antibody inhibition studies have not been reported in mice, studies in rats (4-6, 16) indicated only moderate increases in HDL-C with acute HL inhibition. Our studies suggest that reduction in EL activity may have a more substantial effect on HDL than reduction in HL activity. Further studies involving side-by-side comparisons and simultaneous inhibition of both enzymes will be required in order to gain further insight into the relative roles of HL and EL in HDL metabolism.
HDL particle size was increased by EL inhibition in HL -/-mice, suggesting an interaction between HL and EL in remodeling HDL and influencing HDL particle size. The influence of EL inhibition on HDL particle size appears to depend on the metabolic milieu, as there were no obvious effects on HDL particle size as assessed by FPLC fractionation of lipoproteins in wild-type or human apoA-I transgenic mice. HL -/-mice have larger HDL particles with increased phospholipid content (11) , and these HDL particles may be especially good substrates for EL. It is interesting to note that HL -/-mice were also the only group that had an increase in triglyceride levels with EL inhibition, suggesting that the effects of EL on triglyceride-rich lipoprotein metabolism may also be magnified in the absence of HL.
Our studies also demonstrated that mice injected with anti-mEL antibody had a significantly slower HDL phospholipid catabolic rate than control antibody-injected mice. This supports the concept that inhibition of EL phospholipase activity reduces the rate of HDL phospholipid turnover. Detailed studies of HDL composition after anti-mEL antibody injection compared to preinjection and to control antibody injection demonstrated that the relative composition of the HDL particles was not significantly changed by inhibition of EL (data not shown). This suggests that although the initial effect of EL inhibition may be inhibition of HDL phospholipid hydrolysis, the net effect is to influence the overall number of HDL particles. The change in the HDL phospholipid fractional catabolic rate during the first 5 hours after anti-mEL antibody injection was 21%, yet plasma levels of HDL-C and phospholipids were both increased by 47% at 48 hours after injection. These increases cannot be accounted for solely by reduced catabolism and might be due in part to increased "production" of HDL cholesterol and phospholipids, perhaps by transfer from other lipoproteins or from tissues. It is possible that the increases in HDL due to delayed catabolism result secondarily in a greater efflux of cholesterol and phospholipids from peripheral tissues. Future studies will focus on whether inhibition of EL promotes lipid efflux.
Our current working model is that EL, like LPL and HL, is secreted and then binds to heparan sulfate proteoglycans on the endothelial surface. There, it interacts with HDL, hydrolyzing HDL phospholipids and generating free fatty acids at the local tissue site. The end result of this process, analogous to the interaction of LPL and triglyceride-rich lipoproteins, is the generation of a 
Figure 3
The clearance of HDL phospholipid from plasma in human apoA-I transgenic mice injected with either anti-mEL or control IgG. Mice (n = 4 mice per group) were injected with either anti-mEL (diamonds) or control IgG (squares). One hour later mice were injected through the tail vein with [ 3 H]methylcholine-DPPC-labeled HDL ([ 3 H]-PC-HDL), and blood samples were obtained over a 6-hour period. Six microliters of plasma taken at each time point were counted, and data are expressed as fractions of the counts at 1 minute.
"remnant" HDL particle depleted in phospholipids that is preferentially catabolized. According to this model, inhibition of EL reduces HDL phospholipid hydrolysis, slows HDL turnover, and increases HDL phospholipid, cholesterol, and apoA-I levels. In summary, the studies presented here demonstrate for the first time that reduction of EL activity in vivo has significant effects on HDL-C levels and suggest that EL may be an important enzyme in the regulation of HDL metabolism.
